Brown stem rot (BSR) of soybean [Glycine max (L.) Merr.] caused by Cadophora gregata (Allington & Chamb.) T.C. Harr. & McNew can be controlled effectively with genetic host resistance. Three BSR resistance genes Rbs1, Rbs2, and Rbs3, have been identified and mapped to a large region on chromosome 16. Marker-assisted selection (MAS) will be more efficient and gene cloning will be facilitated with a narrowed genomic interval containing an Rbs gene. The objective of this study was to fine map the positions of Rbs genes from five sources. Mapping populations were developed by crossing the resistant sources 'Bell', PI 84946-2, PI 437833, PI 437970, L84-5873, and PI 86150 with either the susceptible cultivar Colfax or Century 84. Plants identified as having a recombination event near Rbs genes were selected and individually harvested to create recombinant lines. Progeny from recombinant lines were tested in a C. gregata root-dip assay and evaluated for foliar and stem BSR symptom development. Overall, 4878 plants were screened for recombination, and progeny from 52 recombinant plants were evaluated with simple-sequence repeat (SSR) genetic markers and assessed for symptom development. Brown stem rot resistance was mapped to intervals ranging from 0.34 to 0.04
B
rown stem rot of soybean caused by the soilborne fungus C. gregata affects soybean production in the northern United States, Canada, and Brazil and also has a minor impact in China . Yield losses of up to 38% have been reported (Gray, 1972) , and damage to the US soybean crop was estimated to average 422,000 Mg annually from 2006 to 2009 (Koenning and Wrather, 2010) . Management of this disease can be achieved with host genetic resistance and long-term crop rotation (Adee et al., 1997) . Multiple screens of germplasm to identify resistance have been conducted; however, introgression of BSR resistance genes into cultivars has only been achieved with the resistance sources PI 84946-2 (Tachibana et al., 1980) and PI 88788 (Patzoldt et al., 2005b) .
Three genes conferring resistance to BSR have been identified through genetic studies. Rbs1 was identified in the germplasm line L78-4094 (Hanson et al., 1988) , Rbs2 in PI 437833 (Hanson et al., 1988) , and Rbs3 in PI 437970 (Willmot and Nickell, 1989) . Additional genetic studies identified soybean accessions that contained one or more resistance genes at these loci Eathington and Nickell, 1994; Eathington et al., 1995; Lohnes and Nickell, 1995) . Although these studies identified previously reported Rbs genes, often the data were variable and definitive results were elusive. Furthermore, Rbs1 to Rbs3 were given unique names because the original studies showed the genes were unlinked (Hanson et al., 1988; Willmot and Nickell, 1989) ; however, genetic mapping studies have placed all three resistance genes onto chromosome 16 (linkage group [LG] J) near SSR markers Satt215 and Satt431 (Bachman et al., 2001; Lewers et al., 1999) . Additional BSR resistance quantitative trait loci (QTL) from the cultivar Bell (Nickell et al., 1990b) and eight soybean accessions from central and south-central China have been mapped with single marker analysis or interval mapping to the same region on chromosome 16 near Satt431, Satt547, or Satt244 (Patzoldt et al., 2005a,b; Perez et al., 2010) . Patzoldt et al. (2005b) used near isogenic lines to confirm the BSR resistance QTL from Bell on chromosome 16 between the SSR markers Satt529 and Satt244, which is an interval of 23.1 cM (Song et al., 2004) or 10.2 Mb of cultivar Williams 82 genome sequence. Additional SSR markers (Song et al., 2010) have been developed and positioned on the soybean genome, which will aid in fine mapping the resistance QTL. The resistance allele in the cultivar Bell has been traced back to the BSR-susceptible landrace PI 88788 (Patzoldt et al., 2005b) , which could contain a different resistant mechanism than other Rbs sources.
The major source of BSR resistance in modern cultivars is the South Korean landrace PI 84946-2, which is the source of resistance for the germplasm line L78-4094. After the initial identification of Rbs1 in L78-4094, further studies identified PI 84946-2 as having both Rbs1 and Rbs3 (Eathington et al., 1995; Lohnes and Nickell, 1995) . With molecular markers, Lewers et al. (1999) mapped two linked BSR resistance QTL on chromosome 16. Their mapping population included the cultivar BSR 101 (Tachibana et al., 1987) as its resistance source, which derives its resistance from PI 84946-2. This result is consistent with the mapping by Bachman et al. (2001) of a resistance gene from L78-4094. Bachman et al. (2001) also mapped to the same region a resistance gene from PI 437833. This accession had been identified as containing Rbs2, but it has not been used in public cultivars and only in the development of two germplasm lines (Nickell et al., 1990a) .
Other germplasm identified with BSR resistance that warrant further study includes PI 86150, which was first identified as resistant by Chamberlain and Bernard (1968) and confirmed by Tachibana and Card (1972) . The germplasm line L84-5873 (Nickell and Bernard, 1992) was developed as having PI 86150 as a resistance source and has not been currently used in public cultivars. The accession PI 437970 was identified as having Rbs3 (Willmot and Nickell, 1989) ; however, its resistance has not been mapped or used in germplasm. Interestingly, Nelson et al. (1989) found this accession not to have levels of resistance as great as the resistant checks although variability in C. gregata virulence among testing locations was observed.
Before breeders attempt to pyramid BSR resistance QTL, we must determine whether there are different QTL alleles or loci on chromosome 16. Another problem presented with current QTL information is that MAS is not as efficient as it could be due to a large interval containing the resistance QTL, which, from Bell, spans 23.1 cM (Song et al., 2004) or 10.2 Mb of the Williams 82 genome sequence. Fine mapping of BSR resistance loci is needed to improve efficiency of MAS, to facilitate gene cloning, and to provide evidence whether BSR resistance is controlled by separate loci or a common locus among resistance sources. Marker-assisted selection can be used in backcrossing programs or to increase the favorable allele frequencies in breeding populations, thereby reducing resources needed to grow and evaluate plants or lines that do not carry optimal allelic combinations. In addition, MAS allows the pyramiding of resistance genes without having to inoculate plants with specific pathogens. Furthermore, the cloning of BSR resistance genes will be more successful after these genes are mapped into small intervals containing few candidate genes.
The objective of this study was to fine map the location of known BSR resistance loci on chromosome 16. The resistance sources Bell, PI 84946-2, PI 437833, PI 437970, PI 86150, and L84-5873 were used because of their inclusion in previous genetic studies and because of their parentage in germplasm and cultivar development.
Materials and Methods

Population Development
The BSR resistant sources Bell, PI 84946-2, PI 437833, PI 437970, PI 86150, and L84-5873 were chosen for fine mapping studies. These resistance sources were crossed with the susceptible cultivars Colfax (Graef et al., 1994) or Century 84 (Walker et al., 1986) to develop mapping populations (Table 1) . Fine mapping was conducted by first testing plants that segregated for the region on chromosome 16 where Rbs genes were previously mapped with genetic markers flanking the gene. Plants identified as having recombination events in this interval were selected, individually threshed, and their progeny were phenotyped for resistance. The source of segregating plants included a population of F 2 plants from the cross between Bell and Colfax, or F 3 plants from selected F 2:3 lines in all other populations (Table 1) . For all populations except Bell  Colfax, about 140 F 2 plants were grown in the field and threshed to develop F 2:3 lines and those lines segregating for markers across the chromosome 16 interval where Rbs genes map were selected. The identified recombinant F 2 and F 3 plants were screened with additional SSR markers (Cregan et al., 1999; Song et al., 2004 ) located on chromosome 16 to map the positions of the recombination events and to select plants with unique recombination positions within the Rbs interval. All selected F 3 plants and Bell  Colfax-selected F 2 plants were homozygous on one side of the recombination point and heterozygous on the other side. Selected F 3 plants were threshed individually to develop F 3:4 lines, and F 2 plants in the Bell  Colfax population were threshed individually to develop F 2:3 lines. Individual plants from these lines were inoculated with C. gregata and evaluated for BSR symptoms and a segregating genetic marker. Association between a molecular marker and symptom development for each recombinant line was then used to narrow the interval containing the resistance locus. Significant associations of foliar symptoms, stem symptoms, or both indicated that the resistance locus was on the heterozygous side of the recombination point. As test results narrowed the fine mapping interval, screening for recombination events took place within the narrowed region. For this reason, fewer recombinant lines were developed in populations other than Bell  Colfax (Table 1) .
DNA Extraction
Genomic DNA from selected plants was extracted with the cetyltrimethyl ammonium bromide (CTAB) method described by Keim et al. (1988) with modifications. Specifically, leaf tissue from one or two newly expanding trifoliolates was collected into a 2.0-mL tube, freeze dried, and crushed with three (4 mm each) glass beads for 4 min on a modified paint can shaker. Six hundred microliters of CTAB extraction buffer was added to the macerated tissue and incubated for 1 h at 65C. After cooling for 10 min, 600 L of chloroform/isoamyl alcohol (24:1) was added to each tube, gently mixed, and then spun at 10,000 g for 15 min. The aqueous layer was transferred to a new 1.7-mL tube. Five hundred microliters of isopropanol was used to precipitate the DNA, and the DNA was pelleted by spinning at 10,000 g for 10 min. The isopropanol was poured off and 500 L of 70% ethanol was added to the DNA pellet for 5 min at room temperature and then spun at 10,000 g. The ethanol was poured off, and the DNA pellet was allowed to dry. The DNA pellet was resuspended in 100 L of 0.1 tris ethylenediaminetetraacetic acid buffer and diluted 10-fold before use in polymerase chain reaction (PCR). DNA from individual plants during recombinant screening and disease testing was extracted from unifoliolates before full expansion by a quick DNA extraction method described by Bell-Johnson et al. (1998) or CTAB extraction as described earlier.
Simple-sequence repeat markers developed by Cregan et al. (1999) and Song et al. (2004 Song et al. ( , 2010 were used to genotype the samples. Markers developed by Song et al. (2010) named BARCSOYSSR are abbreviated as B hereafter. Polymerase chain reaction was performed according to Cregan and Quigley (1997) and gel electrophoresis was used to analyze PCR products in 6% (w/v) nondenaturing polyacrylamide gels (Wang et al., 2003) . Amplification of SSR markers from Song et al. (2010) used the temperatures and durations of 94C for 4 min, followed by 32 cycles of 94C for 45 s; 58C for 45 s; 68C for 45 s; and a 7-min extension at 72C.
Inoculations and Disease Evaluation
Cadophora gregata isolate Oh 2 was obtained from Dr. C. Grau, University of Wisconsin, and was originally collected from soybean growing in Ohio by Dr. L.E. Gray. Oh 2 is classified as a pathotype I (A) isolate (Gray, 1971; Hughes et al., 2002) and was chosen because of its ability to consistently produce stem symptoms in the greenhouse. Green bean agar (Chen et al., 2000) was used to culture the fungus and seed extract broth served as an inoculum, as described by Gray (1971) and Patzoldt et al. (2003) . The liquid broth culture was prepared by autoclaving 100 mL of seed of the susceptible soybean cultivar Century 84 in 300 mL of distilled water. The liquid was strained and distilled water was added to one liter. Liquid cultures were maintained in the dark at 22C, and inoculum was prepared by blending liquid cultures. The initial conidia and mycelia fragment concentration was measured with a hemocytometer and distilled water was added to adjust the concentration to 1.2  10 6 propagules mL −1 . Carboxylmethylcellulose was added at a rate of 7.5 g L −1 and blended into the inoculum. For each selected F 2:3 or F 3:4 line, up to 46 seedlings were grown in sand flats in a greenhouse until growth stage V1 (Fehr et al., 1971) . Root dip inoculations (Sebastian et al., 1985; Patzoldt et al., 2003) were conducted by selecting five uniform plants, rinsing the roots in water, blotting them dry, dipping them in 50 mL of inoculum for 2 min, transplanting the plants into a 15-cm clay pot as described by Patzoldt et al. (2003) , and repeating the process for the remaining plants of the line. After inoculation, the plants, in groups of five per pot, were arranged in a completely randomized design with parents and PI88788 as check genotypes.
Plants were grown with a 14-h photoperiod and an average temperature of 18C at night and 24C during the day. Pots were watered from below by capillary action and each pot was fertilized weekly from above with 150 mL of water containing 0.09 g of each N, P 2 O 5 , K 2 O; 0.5 mg chelated Fe; 0.2 mg of each chelated Cu, Mn, Zn; 0.09 mg B; and 4.0 g Mo. When most plants were at growth stage R1 to R3, which was about 6 to 8 wk postinoculation, BSR symptoms were measured. Foliar symptoms were measured by counting, from the base, the number of nodes on each main stem that foliar symptoms had progressed. This measurement was reported as the proportion of total nodes with leaves that had abscised or showed symptoms. Stems were then split longitudinally and the number of nodes with brown pith was counted and reported as the proportion of the total nodes on the main stem. Preliminary studies with noninoculated checks showed that they were not symptomatic and therefore were not included in subsequent evaluations. Inoculations of recombinant lines occurred in sets including a range of one to 10 lines at a time during 2011 to 2014. Recombinant lines were only tested once with the exception of two Bell  Colfax lines, which were used to validate results and narrow the interval screened for recombinants. Associations between individual molecular markers and BSR symptoms of each recombinant line were tested with a single-factor analysis of variance in SAS v9.3 PROC MIXED and verified, if needed, with a Kruskal Wallis test in SAS v9.3 PROC NPAR1WAY (SAS Institute, 2011). Analysis of variance assumptions of homogeneous residual variance and normality of residuals were evaluated, since phenotypic data consists of a proportion of diseased plant, which potentially violates the assumption of normally distributed residuals. For this reason, the Kruskal-Wallis test was used to verify the analysis of variance results. A recombinant line with poor germination, resulting in <20 plants, was evaluated in two BSR tests, and data were analyzed in an analysis of variance model that included the test number as a variable.
Results
Fine Mapping
Fine mapping of Rbs genes was initiated in the Bell  Colfax population by screening 200 F 2 plants with the markers Satt529 and Satt547, which flank the known Rbs interval. Sixty-eight recombinants were identified, grown to maturity, individually harvested to develop F 2:3 lines, and tested with additional SSR markers to map the position of the recombination point in each F 2 plant. Seven recombinant lines were selected for BSR testing because their recombination sites were located near Satt244 (Table 2) . No associations between resistance and markers were found with lines 10262-1-19, 10262-1-32, 10262-2-2, and 10262-2-6, while significant associations were observed with foliar and stem symptoms of lines 10262-1-22 and 10262-1-30 and only foliar symptoms of line 10262-2-1 (Test 1, 2, 4, 6; Table 3 ). This mapped the resistance QTL to between B_16_1102 and B _16_1134 (Table 2 ). Since later recombinant screening efforts were based on this narrowed interval, the lines 10262-1-22 and 10262-1-32 were tested for BSR phenotype again, and results were verified (Test 3; Table 3 ). The markers B_16_1100 and B_16_1142 were used to screen plants and identify recombinants in the second and further rounds of screening in the Bell  Colfax population. In all, 1218 F 2 plants were screened and 108 F 2:3 lines were developed (Table 1) . Next, three more recombinant lines were selected, and no association was found in recombinant line 10262-2-7 (Test 5; Table 3 ). Significant associations were obtained with foliar and stem symptoms of recombinant lines 10262-2-8 and 10262-2-9 (Test 11, 15; Table 3 ). This mapped the resistance QTL from Bell to between B_16_1105 to B_16_1118, which is a 0.25-Mb interval based on the Glyma 2.0 assembly (Table 2) .
Fine mapping in the Century 84  PI 84946-2 and PI 86150  Century 84 populations began by screening 200 F 3 plants from each cross with the markers Satt215 (chromosome 16, 28.9 Mb) and Satt547 (Century 84  PI 84946-2) and Satt622 (chromosome 16, 27.9 Mb) and B_16_1152 (chromosome 16, 33.8 Mb) (PI 86150  Century 84). Further screening from these two populations and other populations was completed using the marker pairs B_16_1092 and Satt547 or B_16_1100 and B_16_1134, which were selected based on the interval identified in the Bell  Colfax mapping population. Selected recombinant individuals were treated the same as the Bell  Colfax population and F 3:4 lines were subject to BSR assay tests (Table 1) .
Within the Century 84  PI 84946-2 (Rbs1 and Rbs3 source) population, six recombinant lines were selected for BSR testing. No association was obtained with BSR testing of the 278-1-5-4 line when analyzed across BSR Test 4 and 5; however, significant associations were obtained with foliar and stem symptoms with lines 278-1-20-6, 278-1-18-8, 278-1-17-3, 278-1-9-4 and 278-1-5-20 (Test 4, 5, 10, 12; Table 3 ). This mapped the resistance QTL from PI 84946-2 to between B_16_1098 and B_16_1123 (0.34 Mb) based on the Glyma 2.0 assembly (Table 4) . Lewers et al. (1999) reported a second resistance allele on chromosome 16 in BSR101 and originating from PI 84946-2. Based on the map location in Lewers et al. (1999) , this allele is expected to be located above the major QTL as depicted on Table 4 . No significant (P > 0.05) marker associations with BSR resistance were found in the recombinant lines 278-1-18-6 and 278-1-18-7, which were chosen to search for this second QTL, since they were fixed for susceptible alleles in the QTL containing interval and segregating above this region (Table  4; Table 3 [Test 12] ). In addition, no significant (P > 0.05) marker associations were found with recombinant lines 278-1-17-5 and 278-1-11-1, which segregated below the interval identified (Table 4; Table 3 [Test 12, 15] ).
Within the Century 84  PI 437833 (Rbs2 source) population, seven recombinant lines were selected for BSR testing (Table 5 ). Significant associations of foliar and stem symptoms were obtained with lines 263-5-17-1, 263-5-4-5, and 263-5-21-3, while only stem symptoms were significant with line 263-5-21-1 (Test 8, 13; Table 3 ). No association was found with lines 263-5-14-7 and 263-5-13-1, and inconclusive evidence was obtained with line 263-5-16-1 (Test 8, 13; Table 3 ). The results from testing the progeny of line 263-5-16-1 was consistent with resistance segregating in the line, with plants homozygous for the marker allele from the resistant parent showing less disease than plants homozygous for the susceptible allele, but the F-Test was not significant (P > 0.05) ( Table  3 ). In addition, only one progeny plant in the line showed stem symptoms, and this plant was heterozygous for the region. Unfortunately, no additional seeds of 263-5-16-1 were available to increase sample size or to test the line again. However, the results of recombinant lines 263-5-21-1 and 263-5-17-1 map the Rbs2 gene from PI 437833 to an interval between B_16_1105 and B_16_1115 (0.21 Mb) based on the Glyma 2.0 assembly (Table 5) .
Eight recombinant lines within the Century 84  PI 437970 (Rbs3 source) population were selected for BSR testing (Table 6 ). No significant association was obtained with lines 264-6-11-2, 264-6-6-3, or 264-6-6-4 (Test 9, 13; Table 3 ). Significant associations of foliar and stem symptoms were obtained with lines 264-6-11-6, 264-6-4-8, 264-6-5-3, 264-6-5-4 , and 264-6-6-2 (Test 9, 11, 12, 13; Table 3 ). These results place Rbs3 from PI 437970 to the 0.21 Mb interval between B_16_1105 and B_16_1115, which is the same interval Rbs2 maps (Table 6 ). Six recombinant lines within the L84-5873 (resistance from PI86150)  Century 84 population were selected for BSR testing (Table 7) . No significant association was obtained with the lines 261-1-6-10, 261-1-6-9, or 261-1-4-5, and significant associations of foliar and stem symptoms were obtained in BSR testing with lines 261-1-9-9, 261-1-11-9, and stem symptoms of 261-1-4-7 (Test 11, 13; Table 3 ). This maps the resistance QTL allele from L84-5873 to an interval between B_16_1113 and B_16_1115 (0.05 Mb) based on the Glyma 2.0 assembly (Table 7) .
To map resistance from PI 86150, the recombinant line 262-1-18-2 from the cross PI 86150  Century 84 was selected for BSR testing because of a recombination site located in the lower side of the original 10.2 Mb interval identified in previous mapping studies (Table 8) . Next, eight recombinant lines with recombination sites located near or within the fine-mapped interval from the Bell  Colfax population were selected for BSR testing. Significant associations of both foliar and stem symptoms were obtained from testing with lines 262-1-17-11, , the resistant (R) parent, heterozygous (H), or homozygous for the allele from Colfax or Century 84, the susceptible (S) parent in the interval containing the resistance quantitative trait loci. ‡ BSR, brown stem rot resistance assay that the progeny of the selected plants were evaluated in as listed in Table 2 , 4, 5, 6, 7, and 8. § Number of progeny plants tested in the BSR resistance assay. ¶ BARCSOYSSR markers on chromosome 16 developed by Song et al. (2010) 262-1-2-11, and 262-1-17-13, while only foliar symptoms of 262-1-23-2 and the stem symptoms of 262-1-17-12 were significantly (P > 0.05) associated with a segregating marker (Test 14; Table 3 ). No significant association was obtained in BSR testing of lines 262-1-18-2, 262-1-22-1, 262-1-18-11, or 262-1-18-13 (Test 6, 14; Table 3 ). These results map the resistance QTL from PI 86150 to between B_16_1114 and B_16_1115 (0.04 Mb) based on the Glyma 2.0 assembly (Table 8 ). This position is consistent with the mapping of the resistance allele from L84-5873, which is expected considering PI 86150 is the source of the resistance allele for L84-5873. The assumptions of normality of residuals and homogeneity of residual variance were evaluated for each of the foliar and stem symptom BSR test analyses. Assumptions were violated more often in the analysis of stem than foliar data, and overall violations occurred in about half of the analyses; however, analyses using the Kruskal-Wallis tests did not change any interpretation of the analysis of variance tests.
Mapping within the PI 86150  Century 84 population provided the most precision of all backgrounds tested, and the interval identified, B_16_1114 and B_16_1115, is inclusive of all mapping population intervals identified in this study. Because the physical position of the markers used in this fine mapping was based on the Williams 82 soybean genome version Glyma.Wm82. a2, we used the compatible genome annotation browser (http://soybase.org/gb2/gbrowse/gmax2.0/) and found four genes with predicted function in the fine-mapped Rbs region. Three of the genes are predicted to be nucleotide-binding site leucine-rich repeat (NBS-LRR) genes, which are the most common plant resistance genes, while the fourth is a 60S ribosomal protein L22p/L17e.
Discussion
Brown stem rot resistance to the Oh 2 isolate was fine mapped within the same region on chromosome 16 (B_16_1098 and B_16_1123) from five resistance sources. The smallest interval mapped was a 0.04-Mb interval between B_16_1114 and B_16_1115 from PI 86150. These 67 † H, plant was heterozygous; R, plant was homozygous for the marker allele from the resistant parent PI 84946-2; S, recombinant plant that produced progeny tested was homozygous for the marker allele originating from the susceptible parent Century 84. ‡ Arrow indicates the direction of resistance locus based on the result of testing progeny from this plant. § Marker BARCSOYSSR_16_1140 is not located in Glyma 2.0 Assembly. ¶ BSR resistance assay that the progeny of the selected plants were evaluated. # Significance level of the marker association test. results are consistent with previous mapping of BSR resistance that showed that resistance from almost all sources map to the same region on chromosome 16 near Satt244 (Bachman et al., 2001; Patzoldt et al., 2005a,b; Perez et al., 2010) . An exception to this is that of Perez et al. (2010) , where they found that resistance did not map to chromosome 16 from one of the four sources tested, although this source was not fully resistant. A second exception is that of Lewers et al. (1999) , who mapped two QTL on chromosome 16 from the soybean cultivar BSR101, which obtains its resistance from PI 84946-2. Lewers et al. (1999) found a minor QTL located near the restriction fragment length polymorphism (RFLP) marker B122 and a major QTL located near the RFLP marker K375. By using the .0001 ‡ ‡ ‡ ‡ 0.009 <0.0001 † H, plant was heterozygous; R, plant was homozygous for the marker allele from the resistant parent PI 437833; S, recombinant plant that produced progeny tested was homozygous for the marker allele originating from the susceptible parent Century 84. ‡ Arrow indicates the direction of resistance locus based on the result of testing progeny from this plant. § Inconclusive test results were obtained for line 5-16-1 and insufficient stem symptoms were present to conduct an F-Test. ¶ Marker BARCSOYSSR_16_1140 is not located in Glyma 2.0 Assembly. # BSR resistance assay that the progeny of the selected plants were evaluated. † † Significance level of the marker association test. ‡ ‡ No stem symptoms were present in this line. Table 6 . Fine mapping brown stem rot (BSR) resistance in the population Century 84  PI437970. The genetic markers, base pair positions, names of plants selected for having recombination within the interval and progeny testing, and genotypes of lines in the interval on chromosome 16 (linkage group J).
Soybean Consensus Maps (Cregan et al., 1999; Song et al., 2004) , we positioned both QTLs to be above Satt244 and the minor QTL to be above the major QTL as shown in Table 4 . We assume that we mapped the major Rbs resistance gene that Lewers et al. (1999) mapped from PI 84946-2 to the B_16_1098 and B_16_1123 interval, which is consistent with their mapping of BSR resistance to near K375. We found no conclusive evidence of the second minor QTL. Recombinant lines 278-1-5-4 and 278-1-17-5 did approach the significance threshold of 0.05 for stem symptoms, indicating that a minor QTL could be segregating in the populations; however, this was not supported by recombinant line 278-1-11-1 (Table 3, Table 5 . However, we believe it is more likely that the results of this test are inconclusive, and unfortunately, no more seeds of that line remain for further testing. Care should be taken when inferring our results to field environments, since our greenhouse inoculation methods included a monoconidial strain of C. gregata, which may not be predictive of performance in all field environments. There is evidence, however, that results from greenhouse tests with Oh 2 can predict field performance in at least some environments, as Patzoldt et al. (2005b) mapped BSR resistance QTL from Bell to the same region on chromosome 16 using greenhouse tests inoculated with this isolate and field tests in two naturally infested field locations. ‡ Arrow indicates the direction of resistance locus based on the result of testing progeny from this plant. § BSR resistance assay that the progeny of the selected plants were evaluated. ¶ Significance level of the marker association test. # No stem symptoms were present in this line. Table 8 . Fine mapping brown stem rot (BSR) resistance in the population PI86150  Century 84. The genetic markers, base pair positions, names of plants selected for having recombination within the interval and progeny testing, and genotypes of lines in the interval on chromosome 16 (linkage group J).
Before this study, the smallest interval defined as containing a BSR resistance QTL was 10.2 Mb of Williams 82 genome sequence between Satt529 and Satt244 in a Bell  Colfax population (Patzoldt et al., 2005b) . They were not able to further map resistance as a result of a lack of additional useful markers. However, the availability of the soybean genome sequence and predicted candidate BARCSOYSSR markers greatly assisted the current mapping efforts (Schmutz et al., 2010; Song et al., 2010) . The BARCSOYSSR markers near Rbs genes were used to precisely map the locations of the recombination events, which are required for fine mapping.
The BSR resistance genes Rbs1, Rbs2, and Rbs3 were identified in classical genetic studies (Hanson et al., 1988; Willmot and Nickell, 1989) . Although original research found each gene to be unlinked, molecular mapping placed all three genes to the same region on chromosome 16 (LG J) (Bachman et al., 2001; Lewers et al., 1999; Patzoldt et al., 2005b) . It is possible that allelism tests of Hanson et al. (1988) and Willmot and Nickell (1989) did not have adequate control of environmental effects, which may have led to inaccurately determining that F 2 plants or F 2:3 families were susceptible. Our research has confirmed that each of the three Rbs genes reside in the same region of chromosome 16, and we have further narrowed the interval containing these genes from 10.2 Mb to an overall 0.34 Mb. These results were further supported by using genome-wide association mapping and data from previous BSR screening efforts to consistently identify a region on chromosome 16 across multiple mapping panels (Rincker et al., 2015) . The single-nucleotide polymorphism (ss715624573) identified in two of their association panels with the lowest p-value resides 0.02 Mb below the B_16_1114 and B_16_1115 interval identified in this study. It is possible that the three Rbs genes are in fact one gene that is located between B_16_1114 and B_16_1115, as no evidence of genes at separate loci was found in this study. Our study was not able to determine if different resistance sources used in this study have different alleles at the same locus.
The fine-mapped intervals in populations with resistance sources Bell, PI 84946-2, PI 437833, and PI 437970 contains 20 to 28 predicted genes in the Glyma 2.0 assembly. Ten of these predicted genes are NBS-LRR genes spanning 0.14 Mb and belong to the protein families PF08263 and PF00560. The fine-mapped interval in the population L84-5873  Century 84 contains six predicted genes of which five are NBS-LRR genes. All finemapped intervals were inclusive of the four predicted genes located in the 0.04-Mb interval between B_16_1114 and B_16_1115 identified in the PI 86150  Century 84 population. Three of these are NBS-LRR genes belonging to the protein families PF08263 and PF00560. These three genes, Glyma.16 g169600, Glyma.16 g169700, and Glyma.16 g169900, are highly homologous with the Arabidopsis thaliana (L.) Heynh. genes AT1G45616.1, AT2G33060.1, and AT2G34930.1, respectively. Since the genome sequence is based on the susceptible cultivar Williams 82, resequencing within this region from a resistance source is needed to identify the sequence of candidate genes from this source. Efforts to clone an Rbs gene can now focus on an interval of only 0.04 Mb.
